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Abstract
The United States Department of Energy (DOE) has published a progression of technical targets to be satisfied by
on-board rechargeable hydrogen storage systems in light-duty vehicles. By combining simplified storage system and
vehicle models with interpolated data from metal hydride databases, we obtain material-level requirements for metal
hydrides that can be assembled into systems that satisfy the DOE targets for 2017. We assume minimal balance-of-plant
components for systems with and without a hydrogen combustion loop for supplemental heating. Tank weight and
volume are driven by the stringent requirements for refueling time. The resulting requirements suggest that, at least for
this specific application, no current on-board rechargeable metal hydride satisfies these requirements.
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1. Introduction
Energy-efficient cars emitting zero greenhouse gases:
this ultimate goal makes fuel cell vehicles running on hy-
drogen a very attractive concept. Furthermore, light-duty
vehicles represent a large fraction of the commercial ve-
hicle market, so it is important to focus on this class of
vehicles. Due to the special volume and weight constraints
for this sector of the market, as well as the expectations
generated from the performance of currently existing vehi-
cles, hydrogen-powered vehicles must satisfy certain per-
formance requirements if they are to compete with light-
duty vehicles based on other technologies.
Starting with performance demands on the vehicle, the
United States Department of Energy (DOE) has produced
a series of performance targets for the hydrogen storage
system itself [1]. The targets are divided into phases, to
guide the pace of technology improvement by research and
development teams. The three phases correspond to 2010,
2017, and Ultimate Full Fleet targets.1 The ultimate tar-
gets are designed to describe vehicles that would be com-
petitive with other light-duty vehicles in the market.
Even though the DOE hydrogen storage targets have
been modified over recent years, the basis for the targets
remains the same: to develop a vehicle operating on hy-
drogen whose performance is not compromised when com-
pared to today’s current vehicles. Currently, there are over
20 targets listed by DOE that deal with the characteristics
Email address: pasinijm@utrc.utc.com (Jose´ Miguel Pasini)
1The phases used to be 2010, 2015, and Ultimate Full Fleet. The
2015 phase has been changed to 2017.
of the onboard hydrogen storage system as it relates to ve-
hicle performance, energy efficiency, safety, cost as well as
the system’s overall size and weight. While all the targets
are important, some, such as volumetric and gravimetric
density and cost, are among the more difficult targets to
meet for many hydrogen-based systems.
In this paper we use simplified storage system and
vehicle models, combined with minimal balance-of-plant
components, to obtain the material-level requirements for
metal hydrides to satisfy the 2017 system-level targets.
Because we are dealing with hypothetical materials, some
additional assumptions are needed in order to complete
the analysis, and we turn to metal hydride databases to
anchor these assumptions. Sec. 3 details the approach
and Sec. 4 makes explicit some additional assumptions.
In Sec. 5 these assumptions come together to result in ma-
terial requirements.
2. Hydrogen storage materials and baseline metal
hydride systems
Because hydrogen is a lightweight gas at normal condi-
tions, compressing it to high pressures (350 and 700 bar)
and liquefying it at extremely low temperatures (20K)
have become common storage methods. While both of
these “physical” storage methods are being applied to on-
board hydrogen vehicles today, neither can meet all of the
DOE targets and many scientists and researchers are ac-
tively pursuing other options.
One of these options that has and continues to be eval-
uated is storage of hydrogen on solid materials. This can
Preprint submitted to Elsevier July 22, 2013
ar
X
iv
:1
30
7.
08
90
v1
  [
co
nd
-m
at.
mt
rl-
sc
i] 
 3 
Ju
l 2
01
3
Ì·»® ï
Ü»ª»´±°»¼
Ó¿¬»®·¿´­
Ì·»® î
Ü»ª»´±°·²¹
³¿¬»®·¿´­
Ó¿¬»®·¿´­
²± ´±²¹»®
½±²­·¼»®»¼
ß¼­±®¾»²¬­
ßÈóîïøï÷
ÓÑÚ ëøî÷
Ð¬ñßÝó×ÎÓÑÚ èøí÷
ÐÛÛÕøì÷
ÓÑÚ ïééøî÷
Ý¸»³·½¿´
Ø§¼®·¼»­
ÒØíÞØíø´÷
ÒØíÞØíø­÷ Ô·ß´Øì
ß´Øí
Ó»¬¿´
Ø§¼®·¼»­
Ò¿ß´Øì
Ì·Ý®øÓ²÷Øî
Ó¹øÒØî÷î õ Ó¹Øî õ îÔ·Ø
Ó¹Øî
îÔ·ÒØî õ Ó¹Øî
Ó¹îÒ·Øì
øî÷Ó»¬¿´ Ñ®¹¿²·½ Ú®¿³»©±®µ
øí÷×­±®»¬·½«´¿® Ó»¬¿´ Ñ®¹¿²·½ Ú®¿³»©±®µ
øì÷Ð±´§»¬¸»® »¬¸»® µ»¬±²»
øï÷ß½¬·ª¿¬»¼ ½¿®¾±²
Table 1: Hydrogen storage materials considered by the HSECoE,
currently and in the past.
include adsorption on high-surface materials by low en-
ergy molecular bonding (physisorption) or by absorption
into materials with stronger chemical bonding (chemisorp-
tion). Like physical storage methods, solid storage meth-
ods also have deficiencies for automotive applications. Ph-
ysisorption systems, while not requiring liquid hydrogen
temperatures, still require cryogenic temperatures near to
that of liquid nitrogen (77K) to store enough hydrogen for
today’s vehicle requirements. Chemisorption systems can
be divided into two material classes: reversible and non-
reversible systems. For automobile applications, the non-
reversible systems are systems based on materials that can
not be readily recharged with gaseous hydrogen at a fueling
station. These systems, that we often refer to as chemi-
cal hydride systems, require off-board recharging where
more complex processing conditions can be carried out to
successfully rehydrogenate the material [2, 3]. Another
class of materials, reversible materials, typically can be
recharged with hydrogen under conditions typically found
at some of today’s gaseous or liquid refueling hydrogen sta-
tions. These systems are often referred to as metal hydride
sytems. Table 1 shows some of the candidate adsorbent,
chemical hydride and metal hydride materials that are cur-
rently being evaluated for DOE by the Hydrogen Storage
Engineering Center of Excellence (HSECoE) [4].
2.1. Metal hydride materials
Over the past 30 years several hydrogen storage sys-
tems based on reversible metal hydrides have been eval-
uated for vehicle applications [5]. Most of these have in-
volved either pure metals (like Mg) or, more commonly, in-
termetallic alloys (like LaNi5, TiCrMn, and FeTi) as metal
hydrides. While hydrogen storage systems based on these
metal hydride materials were often able to reversibly store
and deliver hydrogen suitably for several industrial vehi-
cle applications [6, 7, 8], most of these systems were con-
sidered as being much too heavy for today’s commercial
vehicle market.
In the late 1990s some hydride materials, like NaAlH4,
which were widely considered to be non-reversible, were
shown to be reversible under reasonable operating con-
ditions with the addition of certain additives [9]. Since
then, several demonstration projects [10, 11, 12, 13, 14]
have evaluated NaAlH4 as a possible reversible metal hy-
dride for vehicle applications. While improvements in the
overall weight of a storage system appears possible using
higher capacity sodium alanate material, the slower ab-
sorption and release rates for this material, coupled with
higher heats of reaction or enthalpy, has resulted in little
overall improvement of these systems for vehicle applica-
tions.
2.2. Baseline systems
Two metal hydride systems have received most atten-
tion as potential on-board hydrogen storage systems for
light-duty vehicles. The first system is based on sodium
alanate (NaAlH4) while the second system is based on
a high-pressure metal hydride (Ti1.1CrMn). These two
metal hydrides, because of significantly different operating
conditions and kinetics of hydrogen absorption reactions,
require substantially different system configurations.
Hydrogen absorption/desorption in the sodium alanate
system is governed by the following reactions:
NaAlH4 ←→ 1
3
Na3AlH6 +
2
3
Al + H2 (1)
1
3
Na3AlH6 ←→ NaH + 1
3
Al +
1
2
H2 (2)
The average enthalpy of this two-step reaction is approx-
imately 41 kJ/mol-H2 [15]. At 3 bar, decomposition of
the tetrahydride phase (NaAlH4) starts at about 55
◦C,
while decomposition of the hexahydride phase (Na3AlH6)
starts at about 130◦C. The theoretical capacity of the
sodium alanate system is 5.6 wt%, but the practical ca-
pacity for an on-board hydrogen storage system utilizing
sodium alanate is lower because of the slow kinetics of the
absorption reactions and the need for additives to enhance
the kinetics and thermal conductivity of sodium alanate.
Because of the high enthalpy of reactions (1) and (2), ther-
mal management of this system is quite challenging during
refueling. In addition, the system requires combustion of
a part of the hydrogen stored on-board to provide the heat
of desorption whenever power is generated by conventional
polymer electrolyte fuel cells (PEMFCs) operating below
∼360 K. However, this issue could be significantly mit-
igated for NaAlH4 storage systems in applications where
the waste heat comes from PEMFCs operating in the range
430–470 K, as described in [16].
On the other hand, the metal hydride Ti1.1CrMn ab-
sorbs hydrogen reversibly at temperatures suitable for use
with fuel cell vehicles [17, 18, 19]. In addition, the en-
thalpy of hydrogen absorption is 22 kJ/mol [20], or about
2
half of the enthalpy for the sodium alanate system. How-
ever, these materials absorb significant amounts of hydro-
gen only at high pressures and, even at such high pressures,
these materials have low hydrogen capacity (1.9–2.0 wt%).
The heat generated during refueling causes the bed tem-
perature to rise resulting in lower absorption rates. Thus
to ensure fast absorption, cooling the metal hydride during
refueling is essential. Because of lower reaction tempera-
ture and relatively lower heat of desorption, a major ad-
vantage of this system is that the fuel cell waste heat can
be utilized, and there is no need to burn hydrogen dur-
ing the desorption process. Thus this system offers higher
on-board efficiency compared to the sodium alanate sys-
tem. An additional advantage of this system is its high
volumetric density.
Both sodium alanate and Ti1.1CrMn systems have been
investigated by various authors using different heat ex-
changer configurations. Ahluwalia [21] considered a shell-
and-tube heat exchanger with the metal hydride packed
in the shell and the coolant flowing in tubes, while John-
son et al. [12] considered the metal hydride packed in
the tubes and the heat transfer fluid flowing inside the
shell. For the Ti1.1CrMn system, Visaria et al. [22, 23,
24] considered shell-and-tube heat exchangers with both
straight and coiled cooling tubes. As part of the DOE
HSECoE, we have investigated systems for both sodium
alanate and Ti1.1CrMn. The sodium alanate system has
been described in Refs. [25] and [26], while the Ti1.1CrMn
system has been described in some detail in [27]. For
the sodium alanate system, we used a two-dimensional
COMSOL R© model for evaluating refueling dynamics as
well as heat transfer coefficients for the system level model.
System level performance of these storage systems during
driving conditions has been evaluated using a simulation
model developed in the MATLAB/Simulink R© platform.
For both the sodium alanate and the Ti1.1CrMn sys-
tem, the heat generated during refueling must be removed.
Fig. 1 shows the schematic for the sodium alanate system.
The heat exchanger configuration adopted for this system
is the shell-and-tube type heat exchanger with metal hy-
dride in the shell. For this system, the gravimetric and
volumetric capacities are reported to be approximately
0.012 kg-H2/kg and 0.015 kg-H2/L [26].
Similarly, for the Ti1.1CrMn system, a similar shell-
and-tube heat exchanger system was used. Since the des-
orption reaction takes place at temperatures lower than
85◦C, there is no need to burn hydrogen stored on-board.
For this system, the heat of desorption can be supplied by
the radiator fluid. The heat exchanger employed here is
of the same design as that for the sodium alanate system.
Because of the low absorption capacity of the Ti1.1CrMn
material, the system gravimetric and volumetric densities
are less than 0.0145 kg-H2/kg and 0.05 kg-H2/L, respec-
tively [27].
It is clear that these two representative metal hydride
systems fall significantly short of the DOE 2017 perfor-
mance targets for hydrogen storage systems (0.055 kg-
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Figure 1: Schematic diagram of the sodium alanate system.
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Figure 2: Geometry of the unit cell.
H2/kg and 0.04 kg-H2/L). Therefore, we need to consider
the properties that a metal hydride must possess in order
to meet the DOE goals.
3. Approach
The goal of this study is to understand what material-
level requirements on metal hydrides are capable of yield-
ing a system that satisfies the DOE 2017 targets. A crit-
ical component of the system is the tank containing the
hydride and additional elements to ensure the system can
reject the heat released during the fast refueling time. A
higher enthalpy material, for example, will require that
cooling tubes be placed closer to each other (see Fig. 2),
resulting in a tank with more space taken by non-storage
material.
At the highest level, the approach used here is simple:
we choose a value of the enthalpy and capacity of the pure
material and obtain, in the end, the weight and volume
of the system with minimal balance-of-plant components
that can be refueled in the 2017 target time (corresponding
to 1.5 kg-H2/min [1]). The system must also be able to de-
liver 5.6 kg of hydrogen to the fuel cell under standardized
3
driving conditions [28].
Here we describe our procedure. We start by choos-
ing a value for enthalpy and capacity of the pure material.
This capacity is then lowered by assuming 10% (by weight)
of additional inert material for enhancing thermal conduc-
tivity (see Sec. 4.1). We then assume that only 85% of this
maximum capacity is achieved during the short refueling
time. By estimating the amount of hydrogen that needs to
be combusted by the system to effect the dehydrogenation,
we calculate the mass of hydride contained in the pressure
vessel.
Next, we estimate the spacing between cooling tubes
by using the Acceptability Envelope method [29], which
is summarized in Sec. 3.1. With the cooling tube spacing
calculated and the total mass of hydride, we obtain the
internal volume required for the pressure vessel. This in-
ternal volume, together with the vessel’s pressure rating,
defines the vessel wall thickness, and therefore its external
volume and also its additional contribution to the system
weight (Sec. 3.4). This concludes the tank design.
Once we have a tank design based on the acceptabil-
ity envelope, we implement that design in our integrated
vehicle simulation framework (Sec. 3.5). Thus we verify
that the system is indeed capable of providing 5.6 kg of
hydrogen to the fuel cell when driven from full to empty
under a standardized driving scenario.
3.1. Acceptability envelope
In this section we briefly summarize the Acceptability
Envelope method [29].
The acceptability envelope is a scoping tool which iden-
tifies the range of chemical, physical and geometrical pa-
rameters for a coupled media and storage vessel system,
allowing it to reach determined performance targets. The
simplified model which underpins the analysis, based on
steady state refueling conditions, allows the energy bal-
ance equation to be expressed as follows:
∇2T = − Q˙
k
,
where k is the thermal conductivity in the bed and Q˙ is the
heating rate per unit volume (positive during exothermic
hydrogen absorption). This heating rate is given by
Q˙ =
(−∆H
WH2
)(
∆mH2
∆t
)(
Mhydride
ρbed
)−1
,
where ∆H is the overall enthalpy per mole of H2 absorbed,
WH2 is the molar mass of H2, ∆mH2 is the target mass of
hydrogen to add to the material, ∆t is the target refuel-
ing time, Mhydride is the mass of hydride (including any
additional inert material), and ρbed is the density of the
hydride bed, including inert material and porosity. The
three terms in parentheses are, respectively, the heat re-
leased per mass of H2 absorbed, the refueling rate, and the
volume of hydride in the tank including voids.
The assumed geometry is shown in Fig. 2, with the tank
approximated as multiple unit cells with symmetry condi-
tions at the outer radius. This implies that the boundary
conditions assumed to solve the energy balance equation,
for a single unit, see a fixed temperature at radius equal
to r with the maximum temperature achieved at the sym-
metry border located at R. Consequently the temperature
rise between the coolant tube and the outer edge of the
unit cell is
∆T =
1
8
Q˙
k
(R2 − r2)f(x), (3)
where R is the cell outer radius, r is the coolant tube outer
radius, and
x =
R2
r2
− 1
f(x) = 2
(
1 +
1
x
)
ln(1 + x)− 2.
By fixing the refueling rate (from the targets), the ma-
terial properties, ∆T (assumed in this paper to be 45◦C,
within the range used in [29]), and the coolant tube ra-
dius r, we can solve for R, thus determining the amount
of additional metal and tube space and their contribution
to the weight and volume. This, in turn, determines the
total tank internal volume. In Sec. 3.4 we consider the
effects that variations in internal volume have on the pres-
sure vessel itself.
3.2. Enthalpy and equilibrium pressure
The equilibrium pressure of a hydride at different tem-
peratures plays a central role in the design of the hydrogen
storage system. It affects tank wall thickness, as well as
whether the fuel cell waste heat can be used for releasing
hydrogen. In this work we must deal with hypothetical
materials, yet their assumed properties must be based on
available information from existing materials. With this
goal in mind, we turn to a database of metal hydride prop-
erties [30]. For the specific case of equilibrium pressure, we
use the enthalpy as a variable and we fit the entropy to
obtain the pressure through the van ’t Hoff equation
PH2 [atm] = exp
[
(∆H − T∆S)/RT ].
Fig. 3 shows the entropy as a function of enthalpy. We
see a clear distinction between two populations: complex
hydrides form a cluster with consistently higher entropy
(more negative) than destabilized lithium borohydrides.
In those destabilized systems, the composition is altered
with an additive to increase pressure and decrease oper-
ating temperature at the cost of reduced gravimetric ca-
pacity and usually no improvement in kinetics [31]. Due
to this separation in equilibrium pressure, we use two sep-
arate fits to make two sets of predictions for material re-
quirements. In Fig. 4 we present the equilibrium pressure
resulting from the two fits in Fig. 3.
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Figure 3: Entropy as a function of enthalpy per mole of H2 absorbed.
Solid line: fit to the IEA/DOE/SNL database. Dashed line: fit to
destabilized lithium borohydrides.
3.3. Density and porosity
The stringent volume constraints in a light-duty vehicle
are represented by the DOE target for system-level volu-
metric storage capacity. The material density therefore
plays an important role in the viability of the system as
a whole. Fig. 5 shows the crystal density of the pure ma-
terial in the hydrided state and the associated volumetric
storage capacity as a function of its gravimetric capacity.
We note a clear trend for the density: as the gravimetric
capacity increases, the density decreases.
Given the gravimetric capacity, the volumetric capacity
and density are related, so a fit for one data set implies
a fit for the other. We chose to do a linear fit of the
volumetric capacity and calculate from it the following fit
for the crystal density:
ρcrystal
[
kg
m3
]
= 326.25 +
67.74
wcrystal
, (4)
where wcrystal is the theoretical weight fraction of the ma-
terial.2
In Ref. [32] NaAlH4 powder is compacted into pel-
lets, reducing the volume by 42%. After 15 absorption-
desorption cycles, however, the volume of the NaAlH4 pel-
lets had increased by ∼25% from their as-prepared sizes.
In this study we assume that the material has been com-
pacted to a fixed 30% porosity. Note that, since the den-
sity fit is for the hydrided state (in which the material
takes up more volume), this is the minimum porosity of
the material, which would occur after refueling.
3.4. Pressure vessel
At this stage, we have the internal volume and weight
of the pressure vessel. To obtain the wall thickness and
concomitant additional weight and volume, we assume re-
fueling to 100 bar and then use the simple fit from Ref. [28].
2Note that the scatter for the volumetric capacity is high and the
correlation is weak. This is reflected in the linear fit.
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Figure 4: Equilibrium pressure as a function of temperature for (a)
complex metal hydrides and (b) destabilized systems.
There the authors derived, based on data provided by Lin-
coln Composites for a Type IV tank rated for refueling
to 100 bar, a linear fit for the additional weight and vol-
ume due to the vessel walls. In this study the choice of
a Type IV tank is driven by the need to have minimal
weight. As discussed in [28], for each operating temper-
ature, one would need to ensure that the polymer liner
material typical of Type IV tanks can be used.
3.5. Integrated vehicle simulation framework
At this stage in the approach, we have the pressure
vessel design, with both its internal and total weight and
volume. To validate some of the assumptions made so far,
such as the amount of additional hydrogen to combust
while driving, we turn to simulation at the vehicle level.
The goal is to ensure that the system with this tank design
and minimal balance-of-plant components (see Sec. 4.3)
can deliver 5.6 kg of hydrogen to the fuel cell under stan-
dardized transient conditions.
Ref. [28] describes in detail the vehicle simulation frame-
work used here. It is designed to allow changing the stor-
age system easily without changing any assumptions for
the rest of the vehicle and the fuel cell system.
The simulation framework also includes five Test Cases,
corresponding to different drive cycles and ambient condi-
tions. In this study we use Test Case 1, the “ambient drive
cycle.” It alternates between the 7.5-mile, 22.8-minute
Urban Dynamometer Driving Schedule (UDDS) and the
10.26-mile, 12.75-minute Highway Fuel Economy Driving
Schedule (HWFET). This alternation is repeated indef-
initely until the storage system fails to deliver the flow
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Figure 5: Volumetric capacity (top) and density (bottom) as a func-
tion of the pure material gravimetric capacity. The solid bottom
curve corresponds to the linear fit of the top graph.
rate requested by the fuel cell. The UDDS represents low
speeds and stop-and-go urban traffic, while the HWFET
represents free-flow traffic at highway speeds.
4. Additional assumptions
4.1. Thermal conductivity
Apart from the enthalpy and material density discussed
in Secs. 3.2 and 3.3, another key quantity that appears in
the Acceptability Envelope approach is the thermal con-
ductivity.
Since rejecting heat while refueling is a limiting pro-
cess, enhancing the thermal conductivity of metal hydrides
is critical. Ref. [32] shows how the thermal conductiv-
ity of NaAlH4 can be enhanced by adding material, such
as aluminum or graphite. In particular, they show that
by adding Expanded Natural Graphite (ENG) worms, the
increase is nearly optimal as compared with the parallel
model of thermal conduction in a mixture.
For this study we assume that 10% by weight of ENG
worms has been added to the hydride and that this addi-
tion results in the value k = 9 Wm−1K−1.
4.2. Material kinetics
The weight fraction of the material w is assumed to
follow the single-step kinetics
dw
dt
= −sgn(z)zχwfullAe−Ea/RT
∣∣∣∣ln( PPsat(T )
)∣∣∣∣
z =
w
wfull
− xsat,
where sgn is the sign function and xsat = 1 if P > Psat
and zero if not. wfull is the weight fraction of H2 in the
hydride when fully loaded. This is not the theoretical ma-
terial capacity, because at this stage we already assume
that 10 wt% ENG worms has been added to enhance the
thermal conductivity. We chose χ = 2 to ensure that the
asymptotic approach to the full state is polynomial and
not exponential, which would be overly optimistic. For
the activation energy we chose Ea = 110 kJ/mol, based
on previous fits to NaAlH4 data [32].
4.3. Balance-of-plant components
The HSECoE created a library of balance-of-plant (BOP)
components for use by system architects and designers. It
includes components that are currently available off-the-
shelf and was built by surveying previous system design
work, literature, specific component design, and by dis-
cussing with component suppliers.
The system architects and designers working within the
HSECoE draw from the library to build a bill of material
that documents the quantity, mass, volume, and compo-
nent requirements from the system diagrams while docu-
menting the source of key components. This enables them
to track specific components in the bill of material of the
designed system. The bill of material is then used to de-
velop cost models.
Fig. 6 shows an ideal system that does not require
combustion for the dehydrogenation process. This is the
case for materials with high equilibrium pressure, such as
TiCrMn [27]. In such systems, the coolant leaving the fuel
cell stack is hot enough that it can drive hydrogen release
in the tank.
Such a simple system would require only minimal BOP
components. The top part of table 2 shows the mini-
mal balance-of-plant components for a system that doesn’t
need a combustor loop. This part of the table is based on
Ref. [33], where TIAX and Argonne National Laboratory
detail the BOP components for a 350-bar compressed gas
system.
The bottom section of table 2 lists the additional com-
ponents required by a combustion loop (Fig. 7), as would
be needed by a material with lower equilibrium pressure.
The 2.5 kg, 0.8 L catalytic heater corresponds to a 8 kW
microchannel combustor and heat exchanger, sized by Ore-
gon State University using the model described in Ref. [34].
For higher enthalpy materials we need a more powerful
heater, such as the 30 kW combustor detailed in Ref. [35].
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Figure 7: Diagram for a minimal system that requires combustion
for dehydrogenation but can make partial use of the the fuel cell’s
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5. Results
5.1. Amount of hydrogen combusted
Even a system that in principle can use the fuel cell
waste heat may need to operate at higher temperature to
compensate for slow kinetics. Fig. 8 shows the result of
simulating a vehicle under Test Case 1. As the set point is
raised from 60◦C to 72◦C, the 30 kJ/mol system goes from
no combustion to using 14% of the hydrogen to maintain
the tank conditions.
The higher enthalpy material shown in Fig. 8, due to
its equilibrium pressure, has to operate at higher temper-
ature in order to release H2 at high enough pressure. The
minimum delivery pressure is 5 bar. If we want the equilib-
rium pressure in the tank to be at least 6 bar, the operating
temperature would have to be at least 130◦C (see Fig. 4).
5.2. Tank weight and volume
Fig. 9 shows the resulting weight and volume of the
pressure vessel and all its internals, including the hydride,
for complex metal hydrides. As the gravimetric capacity of
the material increases, the tank becomes lighter and more
Mass Volume
kg L
Check valve 0.2 0.1
Manual valve 0.2 0.1
Solenoid valve 0.6 0.4
Relief valve 0.3 0.1
Pressure transducer 0.1 0.0
Temperature transducer 0.1 0.0
Pressure regulator 2.1 0.7
Pressure relief device 0.5 0.3
Piping 5.0 1.0
Boss 0.4 0.1
Vehicle interface bracket 2.0 0.5
Fill system control module 1.0 1.0
Miscellaneous 2.0 0.5
Total without combustion loop 14.5 4.8
Combustion loop
Coolant valve 1.0 0.4
Coolant fluid 3.0 —
Coolant pump 3.0 2.4
Coolant lines 4.0 2.6
System insulation 1.0 5.0
Oil tank 0.7 2.6
Catalytic heater 2.5 0.8
Blower 0.4 0.2
Headers & fittings 0.5 0.1
Combustion loop sub-total 16.1 14.1
Total with combustion loop 30.6 18.9
Table 2: Minimal balance-of-plant components for a system without
a combustion loop (top) and with a combustor (bottom).
compact. Part of the reduction is due to requiring less hy-
dride and part is due to a lighter and smaller pressure ves-
sel. The figure also shows the system weight and volume
limits required by the 2017 DOE targets for a 5.6 kg-H2
system, as well as the limits for systems with and with-
out a combustor loop, using the numbers from Table 2.
Due to thermodynamics (see Fig. 4), a 30 kJ/mol system
could run entirely on the fuel cell waste heat. Therefore
a material with that enthalpy and 11 wt% capacity could
be built into a system that satisfies the 2017 weight and
volume targets. Furthermore, that system would automat-
ically satisfy the 90% on-board efficiency target.
As the enthalpy increases, there is first a dramatic
jump in the curves between 30 and 35 kJ/mol due to the
change in equilibrium pressure: to effect the dehydrogena-
tion, the tank operating temperature set point must be
increased beyond what the fuel cell can reliably provide as
waste heat (see Fig. 4). To compound the problem, this
7
H
y d
r o
g e
n
c o
m
b u
s t
e d
Figure 8: Fraction of the total amount of hydrogen released by the
tank that needs to be combusted as a function of the tank’s temper-
ature set point when the vehicle is running Test Case 1.
larger and heavier tank must be part of a system that also
includes a combustor loop, and therefore its upper limit is
given by the dot-dashed line in Fig. 9. Thus a 35 kJ/mol
material would need 16.5 wt% capacity to allow a sys-
tem to be built around it while still satisfying the 2017
weight and volume targets. Referring back to Fig. 8, we
see that if a 30 kJ/mol material has to operate at high
enough temperature to require full combustion, the sys-
tem automatically needs to combust at least ∼14% of the
hydrogen, and therefore cannot possibly satisfy the 90%
on-board efficiency target. For higher enthalpy materials
the situation is even worse.
Note that for destabilized systems the situation is dif-
ferent. From Fig. 4 we see that such materials, because
of their higher equilibrium pressure, start requiring com-
bustion at lower enthalpy, with the transition being around
∼18 kJ/mol. This means that once combustion is required,
the system can still satisfy the efficiency target, as long as
the enthalpy is not increased too much.
Fig. 10 shows the weight and volume distribution for
a system that does not require a combustor loop. Fig. 11,
on the other hand, shows the different weight and volume
contributions to a system that requires combustion.
5.3. Material requirements
Fig. 12 summarizes the material requirements on en-
thalpy and gravimetric capacity of the pure material. The
solid green line encloses the window where systems of reg-
ular metal hydrides can be designed to satisfy the DOE
2017 targets. The solid blue line encloses the correspond-
ing window for destabilized metal hydrides. The difference
between the two families of materials is driven by the dif-
ference in the entropy fits in Fig. 3, which implies different
equilibrium pressure for the same enthalpy. We now follow
both windows clockwise, starting from the top-right.
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Figure 9: Weight and volume of the pressure vessel and its internals
as a function of the gravimetric capacity of the complex hydride
pure material. The solid gray line is the maximum system weight and
volume from the 2017 DOE targets. The dashed line is the maximum
minus the minimum BOP for a system without a combustor (Fig. 6).
The dot-dashed line is the maximum minus the minimal BOP for a
system with a combustor (Fig. 7).
The lower enthalpy limit (rightmost vertical line) in
each window is driven by thermodynamics. We assumed a
pressure vessel rated for 100 bar, and that line corresponds
to the enthalpy that yields 100 bar at 60◦C. To the right
of this line (lower enthalpy) the pressure is too high at
ambient conditions that may be encountered. Continuing
clockwise, the lower horizontal line (11 wt%) represents
the minimum gravimetric capacity where the system can
accommodate enough hydrogen in the required short refu-
eling time as well as the minimum BOP components when
no combustion loop is needed.
The next corner represents the point where some hy-
drogen must be combusted in order to operate the system,
and a combustion loop must be accommodated. This im-
plies that the gravimetric capacity must increase accord-
ingly. Here the two families of hydrides differ qualitatively.
The diagonal segment represents the region where the sys-
tem cannot run on fuel cell waste heat and must use some
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Figure 10: Weight (kg) and volume (L) distribution for a system
with 11 wt% capacity (pure material) and ∆H = −27 kJ/mol-H2.
This system can run entirely on the fuel cell waste heat.
of the stored hydrogen for maintaining the release. As the
enthalpy increases, more hydrogen must be stored. In or-
der not to add to the system weight, this must be compen-
sated with increased gravimetric capacity. As the fraction
of combusted hydrogen increases, eventually DOE’s target
of 90% on-board efficiency ceases to be satisfied. This is
depicted as a dotted continuation of the solid diagonal line
in Fig. 12.
The region of interest in Fig. 12 is cornered by an inter-
esting set of metal borohydrides (Li4Al3(BH4)13, Mg(BH4)2,
and LiBH4+MgH2) with a high theoretical gravimetric ca-
pacity on the high enthalpy side and the LiNH2–MgH2
system on the low gravimetric density side. The higher
than desired enthalpy of the metal borohydrides reflects
their high thermal stability and reduces the on-board ef-
ficiency, as waste heat from conventional PEM fuel cells
will no longer be sufficient to release the stored hydrogen.
Except for the destabilized LiBH4–MgH2 composite sys-
tem, on-board regeneration to full H2 storage capacity at
moderate temperature and hydrogen pressure has yet to
be demonstrated. The LiNH2–MgH2 material brackets the
region of interest at the bottom of the region of interest
with a theoretical 8 wt% gravimetric capacity, which is
lower than desired, but the effect of the additional weight
BOP fittings,
regulators
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combustor
loop
16.0 kg, 17%
Hydride
46.5 kg, 48%
Expanded
Natural
Graphite
4.7 kg, 5%
HX
3.1 kg, 3%
Pressure
vessel
11.5 kg, 12%
Weight distribution
with combustor
BOP fittings,
regulators
4.8 L, 4%
BOP
combustor
loop
14.1 L, 11%
Hydride
61.3 L, 50%
Void space
27.2 L, 22%
Expanded
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2.2 L, 2%
HX
2.2 L, 2%
Pressure
vessel
11.5 L, 9%
Volume distribution
with combustor
Figure 11: Weight (kg) and volume (L) distribution for a system
with 17 wt% capacity (pure material) and ∆H = −40 kJ/mol-H2.
This system requires a combustor and does not satisfy the on-board
efficiency requirement.
on the range of the vehicle is small. An important con-
cern for all these high capacity materials is the rate of H2
absorption and desorption. Substantial progress has yet
to be made in order to achieve practical H2 storage sys-
tems for light-duty vehicles for which the DOE has set a
refueling time target of 3.3 minutes for 5 kg of usable H2.
Stability of the H2 storage capacity is affected by the re-
lease of species that are considered contaminants for the
PEM fuel cell such as NH3 and B2H6, which will require
a cleanup step.
We reiterate, however, that these windows in Fig. 12
were built from targets for one specific application (on-
board rechargeable light-duty vehicles), and does not con-
stitute a general statement for other applications and modes
of use, such as those described in Ref. [36], where many
of the current hydrides have attractive and competitive
characteristics.
6. Summary and conclusions
In this paper we combined simplified storage system
and vehicle models with metal hydride databases in order
to obtain material-level requirements for metal hydrides
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Figure 12: Enthalpy and gravimetric capacity of metal hydrides.
The green (resp. blue) window encloses the region where systems of
regular (resp. destabilized) metal hydrides with minimal balance of
plant components can be designed that satisfy the DOE 2017 targets.
that can satisfy the DOE 2017 system-level targets. The
tank sizing models focus on the heat exchanger design to
reject the heat of absorption during the short refueling
time. We assume minimal BOP components for the rest
of the system, considering both systems with and without
a hydrogen combustion loop for supplemental heating of
the tank during operation.
As a result, we require a minimum 11 wt% gravimet-
ric capacity of the pure material for the narrow enthalpy
range in which no hydrogen combustion is necessary. For
destabilized systems, we show that some enthalpy range
that requires a combustion loop may yield feasible sys-
tems, albeit with at least 14 wt% capacity. For regular
hydrides, as soon as combustion is required, the target for
90% on-board efficiency is automatically violated.
The resulting viability windows, as shown in Fig. 12,
are currently not populated by metal hydrides, although
some hydrides are somewhat close to it, but with either
too high enthalpy or too low gravimetric capacity. High
enthalpy leads to high temperature of dehydrogenation
and consequently inevitably lower efficiency, as the fuel
cell waste heat cannot be utilized. Future development
of higher temperature PEM fuel cells may mitigate this
problem for the most promising materials. To accommo-
date the low enthalpy, lower capacity material, on the
other hand, somewhat reduced range could be balanced
with somewhat increased weight and volume for the stor-
age system without sacrificing efficiency. We emphasize
that these conclusions are for the specific application of
light-duty vehicles and this precludes neither their viability
in a different setting nor the possibility of future material
developments [36].
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